Genetic transduction of hematopoietic stem cells has been the focus of most preclinical gene therapy protocols, since these cells have the capacity for long-term multilineage reconstitution of both the blood and the immune system (5, 7, 8, 12, 16, 17, 30, 34, 35) . Although initial clinical gene therapy trials have proven the feasibility and safety of delivering genes to hematopoietic cells via retroviral vectors, the low transduction efficiency of long-term reconstituting stem cells has hampered their use in patients with genetic disorders of the hematopoietic system (7, 12, 26) . In certain situations, more-mature longlived cells, such as T lymphocytes (1, 26) , might be alternative targets, e.g., introducing the wild-type gene for genetic diseases (2, 5, 46, 51, 61) , delivering immunomodulatory cytokines for cancer therapy (31, 52, 58) , or conferring resistance to infection with the human immunodeficiency virus (HIV) (11, 38, 48, 63) . For patients who have undergone allogeneic transplantation procedures, T-lymphocyte populations transduced with the herpes simplex virus thymidine kinase cDNA as a suicide gene have been reinfused for a graft-versus-leukemia effect and eradicated by ganciclovir if graft-versus-host disease arises (4) . ADA Ϫ SCID patients, who exhibit severe combined immunodeficiency due to adenosine deaminase (ADA) deficiency (29) , are ineligible for bone marrow transplantation but receive bovine ADA conjugated to polyethylene glycol for extended periods of time; this results in an increase in their levels of peripheral blood T lymphocytes and in improved cellular immunity (28) . In the first clinical gene therapy protocol for a genetic disease, T lymphocytes derived from ADA Ϫ SCID patients were transduced in vitro with a cell-free supernatant containing a retroviral vector carrying the human ADA cDNA. Subsequently, transduced populations were repeatedly infused into patients. Gene transfer efficiencies in vitro ranged from 0.1 to 10% for T lymphocytes transduced with a cell-free supernatant (2, 5) and were up to 40% for both peripheral T lymphocytes and hematopoietic progenitors when cocultivated with a retrovirus-packaging line (5) . In another approach, Kohn et al. (34) transduced umbilical cord blood CD34
ϩ cells with a cell-free supernatant containing a human ADA-expressing retrovirus; this resulted in a 12.5 to 21.5% rate of transfer of clonogenic progenitors in vitro. Although the frequencies of gene-marked peripheral blood T lymphocytes and stem cellderived progeny in the patients were lower than those measured prior to infusion in vitro, these clinical trials showed that retroviral gene transfer of a human ADA cDNA into human cells from bone marrow (5) , umbilical cord blood (34) , or human peripheral blood (2, 5) was a safe procedure. However, it remains to be demonstrated whether genetic modification of either hematopoietic stem and progenitor cells or T lympho-cytes with retroviral vectors is a therapeutic option for treating ADA Ϫ SCID patients. Cocultivation of retrovirus-packaging cells with target cell populations yields high levels of gene transfer in both murine and human hematopoietic cells. However, safety concerns and concerns about the reproducibility of cocultivation on a large scale make this a less than desirable infection method for clinical gene therapy protocols. To circumvent these problems, we have transduced hematopoietic stem and progenitor cells on chymotryptic or recombinant fragments of human fibronectin (FN) and demonstrated improved efficiency of retrovirus gene transfer (22, 23, 44, 45) . This increased gene transfer efficiency was due to the colocalization of retroviral particles and target cells on specific adhesion domains of FN (22) , and it obviated the need for cocultivation of the target cells with the packaging cells. FN contains at least three distinct cell adhesion domains, and they can interact with a variety of ligands on hematopoietic cells. These domains are the central cell-binding domain, at which interaction between the tetrapeptide ArgGly-Asp-Ser and the integrin VLA-5 on the target cells occurs; the CS-1 sequence, located in the alternatively spliced IIICS region that interacts with the integrin VLA-4 on the target cells; and the high-affinity heparin-binding site, located in the type III repeats 12 to 14 that interact with cell surface proteoglycans (27) .
Primary T lymphocytes express the two FN receptors VLA-4 and VLA-5 and upon activation, the binding affinity of each of these receptors significantly increases (56, 57) . Therefore, the aim of this study was to determine if recombinant FN fragments could be utilized to enhance gene transfer into peripheral-blood-derived T lymphocytes and to determine the feasibility of this approach for future application to clinical gene therapy protocols. Here, we demonstrate that colocalization of retrovirus and T lymphocytes on FN fragments leads to transduction of up to 80 to 90% of normal or ADA-deficient primary T lymphocytes, without any in vitro selection. Highlevel gene transfer into these T lymphocytes was accomplished by activation with CD3i/CD28i (coimmobilized CD3 and CD28 monoclonal antibodies [MAbs] ) and incubation with a retrovirus-containing supernatant on plates coated with recombinant FN fragments containing the type III repeats 12 to 14 and at least one integrin binding domain. The T-cell repertoire and function were not affected by this transduction protocol. In addition, we demonstrate that the expression of the transgene after transduction correlates with the activation status of the cell, with expression increasing 4-to 11-fold by CD3i/CD28i-induced activation compared to interleukin-2 (IL-2)-induced proliferation. Therefore, the results described here strongly suggest that clinical gene therapy protocols for which gene delivery into T lymphocytes is the major aim may profit significantly from the inclusion of specific FN fragments in the transduction protocol.
MATERIALS AND METHODS
Retroviral vectors and producer cell lines. The mB7-1 retroviral producer line PA317-LNCmB7-1 (mB7-1) was a generous gift from Randy Hock (Indiana University, Indianapolis) and has been described elsewhere (23) . The producer clone used in experiments reported here had titers of 1.7 ϫ 10 6 G418-resistant CFU/ml as measured on NIH 3T3 cells when the supernatant was collected at 37°C and of 5 ϫ 10 7 G418-resistant CFU/ml when the supernatant was collected at 32°C. The vector MSCV2.1, a generous gift from R. G. Hawley (University of Toronto, Toronto, Ontario, Canada), contains the neomycin phosphotransferase gene under the control of the human phosphoglycerate kinase (PGK) promoter (25) and was packaged in GP ϩ envAM12 cells (39) . The clone used had a titer of 2 ϫ 10 6 G418-resistant CFU/ml as measured on NIH 3T3 cells. The GP ϩ envAm12 producer line containing Zip-PGK-mADA (PGK-mADA; clone 55/6) has been described elsewhere (43) and expresses the murine ADA (mADA) cDNA under the control of the human PGK promoter. All retroviral producer lines were maintained in Dulbecco's modified Eagle's medium (GIBCO-BRL, Gaithersburg, Md.) containing 10% Cosmic Calf serum (HyClone Laboratories, Inc., Logan, Utah). Retrovirus-containing supernatant for transduction experiments was collected by adding 10 ml of RPMI 1640 medium (Gibco-BRL) containing 10% fetal bovine serum (FBS) (HyClone Laboratories, Inc.) to confluent 10-cm-diameter plates overnight. Supernatants were harvested from confluent plates for three consecutive days. In some experiments, supernatants were collected at 32°C as recently reported (9) . Harvested medium was filtered through 0.45-m-pore-size filters (Nalge Company, Rochester, N.Y.) and either used fresh or aliquoted and stored at Ϫ80°C.
Retroviral transduction protocol. Non-tissue culture 24-well plates (Falcon, Franklin Lakes, N.J.) were coated with recombinant FN fragments containing different combinations of binding domains for VLA-4, VLA-5, and surface proteoglycans ( Fig. 1 ) (33) supplied by Takara Shuzo Ltd. (Otsu, Japan) at a predetermined saturating concentration of 100 pmol/cm 2 (60a). Plates were coated either at 4°C overnight or at 37°C for 2 h, subsequently blocked with 1% bovine serum albumin (BSA) for 20 min at 37°C, and then washed once with phosphate-buffered saline (PBS) prior to use. All peripheral blood samples from normal healthy donors and one ADA Ϫ SCID patient were collected in heparinized tubes in accordance with protocols approved by the Institutional Review Board of Indiana University School of Medicine. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation on Ficoll-Hypaque (density, 1.077 g/ml; Pharmacia, Piscataway, N.J.) for 30 min at 25°C and washed twice with PBS. PBMCs were activated with either phytohemagglutinin M (5 g/ml; Calbiochem, San Diego, Calif.), IL-2 (100 U/ml; Chiron Corporation, Emeryville, Calif.), soluble CD3 MAb (CD3s) (1 g/ml; clone OKT3; Ortho Biotech, Inc., Raritan, N.J.), immobilized anti-CD3 MAb (CD3i), or CD3i/CD28i (clone-CD28.2; PharMingen, San Diego, Calif.). For the immobilization of antibodies, 24-well non-tissue culture-treated plates were coated with antibody (1 g/ml in PBS) at 0.5 ml/well for 2 to 4 h at 37°C. The coated plates were then blocked with 1% BSA in PBS for 20 min at 37°C, washed once with PBS, and then used for activation. PBMCs (10 6 per well) were incubated in complete medium (CM) (RPMI 1640 supplemented with 10% [vol/vol] FBS, 50 M 2-mercaptoethanol, 1% L-glutamine, and 1% penicillin-streptomycin [GIBCO-BRL]). Tissue culture plates (Costar, Corning, N.Y.) were used for all T-cell activation methods not requiring immobilized antibodies. At days 2 to 3 postactivation, the cells were harvested and counted. Flow cytometric analysis indicated that these populations were routinely Ͼ90% CD3 ϩ and hence were highly enriched for T lymphocytes. T lymphocytes were then incubated on recombinant FN fragments at 0.5 ϫ 10 6 /well with 2.8 ml of retrovirus-containing supernatant supplemented with 50 U of IL-2 per ml. T lymphocytes were also incubated with retrovirus-containing supernatant on BSA-coated wells containing 8 g of Polybrene per ml supplemented with 50 U of IL-2 per ml (Sigma, St. Louis, Mo.). No Polybrene was added to cultures transduced on FN fragments (23) . After 4 h, cells were harvested from the wells by vigorous pipetting and the wells were washed once with PBS. Cells were resuspended in medium supplemented with 50 U of IL-2 per ml and placed on CD3i/CD28i-coated plates overnight. In some experiments, the procedure for transduction on FN was repeated on two consecutive days. After transduction, cells were expanded at 10 5 /well on freshly coated CD3i/CD28i plates for the next 3 to 4 days. At this point in time, Ն98% of the cells were CD3 ϩ T lymphocytes. At days 5 to 6 posttransduction, manipulated T cells were harvested and analyzed for phenotype and mB7-1 expression. During the second week of culture, T lymphocytes were either maintained on CD3i/CD28i MAbs or, for long-term expansion, placed in 100-U/ml IL-2. Cultures were split every 2 to 3 days, with 50% of the medium being replaced with fresh medium supplemented with 100 U of IL-2 per ml. This was essential for the maintenance of CD8 ϩ lymphocytes in the cultures. If cells were allowed to remain at densities of Ͼ10 6 /ml, CD4 ϩ lymphocytes were expanded preferentially. Flow cytometry. The following MAbs and polyclonal antibodies were purchased as R-phycoerythrin or fluorescein isothiocyanate conjugates: CD49d, murine CD80, and hamster immunoglobulin G isotype, from PharMingen; CD3, CD14, CD45RA, and CD45RO, from Becton Dickinson Immunocytochemical Systems (San Jose, Calif.); CD4, CD8, CD19, and mouse immunoglobulin G isotype controls, from Caltag Laboratories (South San Francisco, Calif.); and CD49e, from Serotec (Oxford, England). All antibodies were used at saturating concentrations in accordance with the manufacturer's instructions. Stained cells were analyzed on a FACScan flow cytometer (Becton Dickinson). During acquisition, a gate was set on the lymphocyte population so that at least 10,000 events were analyzed in every experiment.
Southern analysis. Genomic DNA was isolated from nontransduced and transduced T lymphocytes by the use of a commercially available kit from Gentra Systems (Minneapolis, Minn.). Ten micrograms of genomic DNA was incubated with the appropriate restriction enzyme overnight and subsequently electrophoresed overnight in 0.7% agarose gels prior to transfer onto a Magna Graph nylon transfer membrane (MSI, Westboro, Mass.). SacI cut in the viral long terminal repeats of the PGK-mADA retrovirus and liberated the 3.4-kb PGK-mADA proviral DNA. NheI cut in the viral long terminal repeats of the LNCmB7-1 retrovirus and liberated the 4.5-kb mB7-1 proviral DNA. A 600-bp PGK cDNA probe was used to detect the PGK-mADA proviral DNA, and a 758-bp cytomegalovirus (CMV) early-promoter cDNA was used to detect the LNCmB7-1 proviral DNA. The cDNA probes were labeled with [␣-32 P]dCTP (ICN Chemical and Radioisotope Division, Irvine, Calif.) by the use of a random priming kit (New England BioLabs, Beverly, Mass.). Blots were hybridized and washed in accordance with standard procedures (54) and exposed to X-ray film (Fuji Photo Film Co., Ltd., Tokyo, Japan). mADA enzyme assay. The presence of mADA and human ADA (hADA) proteins was determined by a cellulose acetate in situ ADA isoenzyme assay as previously described (37) .
Mixed lymphocyte culture (MLC). Transduced and nontransduced T lymphocytes were plated at a density of 10 5 per well in 96-well tissue culture plates (Falcon) in the absence or presence of irradiated (30 Gy) PBMCs from an HLA-disparate donor at a 1:1 responder/stimulator ratio. Proliferation was analyzed on day 5 by the use of a cell proliferation enzyme-linked immunosorbent assay 5-bromo-2Ј-deoxyuridine (BrdU) kit (Boehringer Mannheim, Indianapolis, Ind.) in accordance with the manufacturer's instructions. Each experimental group was assayed in triplicate, and the data are represented as means Ϯ standard deviations.
Chromium release assay. Transduced and nontransduced PBLs were incubated in V-bottom plates (Falcon) at an effector/target ratio of 12.5:1 with 51 Cr (NEN Research Products, Boston, Mass.)-labeled OKT3 hybridoma or K562 cells (both from American Type Culture Collection). After a 4-h incubation at 37°C, supernatants were harvested and counted in a Minaxi␥ Auto-Gamma 5000-series gamma counter (Packard Instrument Co., Meriden, Conn.). Samples were tested in triplicate, and the percentage of specific cytotoxicity was calculated as follows: (experimental counts per minute Ϫ spontaneously released counts per minute)/(total released counts per minute Ϫ spontaneously released counts per minute) ϫ 100. Data are represented as means Ϯ standard deviations.
Analysis of the V ␤ repertoire by reverse transcription-PCR (RT-PCR).
Total cellular RNA was isolated from lymphocyte samples by using Tri Reagent RNA isolation reagent (Molecular Research Center, Inc., Cincinnati, Ohio). Employing a Superscript preamplification system kit for first-strand cDNA synthesis in accordance with the instructions provided by the manufacturer (GIBCO-BRL), a 1-g aliquot of RNA was used to generate cDNA. For PCR, a coamplification was performed with two primer sets. A C ␣ fragment was amplified in each PCR to serve as an internal control for reaction efficiency. The primers used were C ␣ 3Ј (5Ј-ATC ATA AAT TCG GGT AGG ATC C-3Ј) and C ␣ 5Ј (5Ј-TCT GCT CAT GAC GCT GCG GCT GTG GTC-3Ј). The V ␤ -specific fragments were amplified with a primer from the constant region of the ␤ chain (C ␤ 3; 5Ј-CGG GCT GCT CCT TGA GGG GCT GCG-3Ј) and specific 5Ј primers for V ␤ 1 to V ␤ 24, whose sequences have been published elsewhere (20) . The PCRs were performed in 50-l reaction volumes consisting of 1ϫ PCR buffer (Perkin-Elmer, Roche Molecular Systems, Inc., Branchburg, N.J.), 200 mol of a deoxynucleoside triphosphate mix (Boehringer Mannheim), primers (C ␣ 3Ј and C ␣ 5Ј, 0.1 g/ reaction; C ␤ and V ␤ 1 to 24, 1.2 g/reaction), and 1.50 U of AmpliTAQ DNA polymerase (Perkin-Elmer). The thermocycler parameters were as follows: 30 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min, with a final 5-min extension at 72°C. An aliquot of each PCR product was immobilized on two separate Hybond-N ϩ membranes (Amersham Life Science, Arlington Heights, Ill.) by utilizing a slot blot apparatus (Schleicher and Schuell, Keene, N.H.). One membrane was probed with an internal C ␣ probe (5Ј-GTC ACT GGA TTT AGA GTC T-3Ј), and the other membrane was probed with an internal C ␤ probe (5Ј-TCT GCT TCT GAT GGC TCA A-3Ј) for detection of the V ␤ sequences. The membranes were probed and detected by using the ECL 3ЈOligolabelling and Detection System kit in accordance with the manufacturer's instructions (Amersham Life Science), with the prehybridization and hybridization being performed at 45°C and the stringency washes being performed at 52°C in 1ϫ SSC (0.15 M NaCl plus 0.015 M sodium citrate) with 0.1% (wt/vol) sodium dodecyl sulfate.
RESULTS

Effect of T-cell activation on FN-assisted gene transfer.
To optimize gene transfer into human primary T lymphocytes, we first determined if the mode of activation influenced the gene transfer efficiency. Activation of T lymphocytes in the present study served two purposes. First, upon activation, T lymphocytes will enter the cell cycle and ultimately divide, which is necessary for proviral integration (42, 50) . Second, although resting peripheral blood T lymphocytes express VLA-4 and VLA-5, the strength of binding to FN-and therefore the ability of T lymphocytes to colocalize with retroviral particles on FN-is greatly enhanced upon T-lymphocyte activation (56, 57) . PBMCs from normal donors were prestimulated with either CM, IL-2, phytohemagglutinin, CD3s, CD3i, or CD3i/ CD28i for 2 to 3 days. Analysis of cell surface expression by flow cytometry demonstrated that VLA-4 and VLA-5 were expressed on more than 95% of the CD3 ϩ cells after prestimulation (data not shown). Subsequently, cells were incubated once with the supernatant containing the mB7-1 retrovirus on either FN CH-296-coated plates or, for comparison, in the presence of Polybrene on BSA-coated plates. The FN CH-296 fragment contains the VLA-4 binding site and the VLA-5 binding site separated by the type III repeats 12 to 14, comprising the heparin-binding domain, to which retroviral particles have been shown to adhere (Fig. 1) (22) . Microscopic evaluation indicated that the cells were homogeneously dispersed and adherent on FN CH-296-coated wells within the first hour of incubation, while the cells remained nonadherent in BSA-coated wells. At 5 days posttransduction, CD3 ϩ cells were analyzed by flow cytometry for mB7-1 expression as an indicator of gene transfer efficiency. In three independent experiments, 37 to 42% of the T lymphocytes activated with CD3i/CD28i expressed mB7-1 when the transduction was per- a Human T lymphocytes were transduced with the mB7-1 retrovirus on either BSA-coated plates in the presence of Polybrene or CH-296-coated plates and then analyzed for mB7-1 expression 5 days posttranduction. The data are represented as the percentage of transduced cells positive for mB7-1 expression minus the percentage of nontransduced cells positive for mB7-1 expression. Nonspecific binding of mB7-1 MAb to nontransduced cells was always less than 2.5%.
formed on FN CH-296 (Table 1) . This was in contrast to the low gene transfer efficiency observed on BSA-coated plates and with other methods of T-cell activation (Table 1 and data not shown). Therefore, all subsequent experiments were performed with CD3i/CD28i-activated T lymphocytes.
Optimization of gene transfer into T lymphocytes. To optimize retroviral gene transfer into T lymphocytes, cells were infected with an mB7-1 supernatant, previously collected at 37°C for one to three consecutive days on either FN CH-296-or BSA-coated plates, and analyzed at 5 days ( Fig. 2A ) or 13 days ( Fig. 2B ; Table 2 ) posttransduction for expression of the mB7-1 transgene. Strikingly, 5 days after the start of transduction, more than 80% of the T lymphocytes expressed mB7-1 if lymphocytes had been transduced with retroviruses two to three times on consecutive days ( Fig. 2A) . Two parameters, the percentage of transgene-expressing cells and the mean fluorescence intensity (MFI), were monitored to assess the gene transfer efficiency in long-term cultures of transduced T lymphocytes. Gene transfer on FN CH-296 was consistently threeto ninefold more efficient than by supernatant infection on BSA with Polybrene ( Table 2 ). The MFI values for the transduced populations indicated that a three-to eightfold enhancement of mB7-1 transgene expression occurred when T lymphocytes were transduced on FN CH-296, compared to expression with the BSA system ( Table 2 ). For long-term expression (Fig.  2B ), mB7-1 expression clearly correlated with the length of exposure to retroviral particles, with transductions on three consecutive days rendering the highest levels of gene transfer. Approximately 37 to 46% of the cells expressed mB7-1 in long-term culture, suggesting that the higher levels of mB7-1-positive cells observed at day 5 posttransduction might not be due to integrated provirus ( Fig. 2 and Table 2 ). Analysis of infected cells for coexpression of mB7-1 with either CD4 or CD8 indicated that both CD4 ϩ and CD8 ϩ T-cell subsets were transduced to similar levels with the mB7-1 retrovirus (data not shown).
To further optimize gene transfer, the mB7-1 retrovirus supernatant was harvested at 32°C to increase the titer (9) and used in the transduction protocol. Analysis of mB7-1 expression at day 13 posttransduction indicated that a single infection on FN CH-296 yielded 63 to 68% mB7-1 ϩ primary lymphocytes while infection on FN CH-296 for two to three consecutive days resulted in at least 80% of primary cells expressing mB7-1 ( Fig. 2C and Table 3 ). The MFI values for the transduced populations indicated that a 2.7-to 10-fold enhancement of mB7-1 transgene expression occurred when T lymphocytes were transduced on FN CH-296, compared with expression with the BSA system ( Table 3) . a Human T lymphocytes were activated with CD3i/CD28i MAbs for 1 or 2 days and then transduced with the mB7-1 retrovirus for three consecutive days on BSA or CH-296. T lymphocytes were analyzed for mB7-1 expression on day 13 posttransduction.
b Data are represented as the percentage of transduced cells expressing mB7-1 minus the percentage of nontransduced cells expressing mB7-1. Nonspecific binding of mB7-1 MAb to nontransduced cells was always less than 2.5%.
c Data are represented as the MFI of the transduced population stained with the mB7-1 MAb minus the MFI of the transduced population stained with the isotype control MAb.
d The fold increase in mB7-1 transgene expression on T cells transduced on CH-296 versus those transduced on BSA was calculated by dividing the percent expression on CH-296-transduced T cells by the percent expression on T cells transduced on BSA.
e The fold increase in MFI was calculated by dividing the MFI for T cells for T cells transduced on CH-296 by the MFI for T cells transduced on BSA.
T lymphocytes were transduced on FN-coated plates with the mB7-1 retrovirus previously collected at 37°C. Analysis of mB7-1 expression (Fig. 3) revealed that neither the FN cell binding site (C-274) nor the FN heparin binding site (H-271) was sufficient to promote high-level gene delivery to T lymphocytes. Efficient gene transfer required the presence of a binding site for retroviruses and at least one binding site for the target cells (CH-271, H-296, and CH-296). Transduction efficiency on FN CH-296 or FN H-296 was superior to that on FN CH-271, suggesting that VLA-4, and not VLA-5, was the major mediator in adhesion of activated T lymphocytes to FN and therefore predominantly assisted in genetic transduction of T lymphocytes. The standard approach of supernatant infection with Polybrene (BSA) was far less efficient than using FN in the transduction protocol.
Efficiency of gene transfer from normal donors and an ADA ؊ SCID patient into T lymphocytes, utilizing the PGKmADA retrovirus. No obvious changes in the proliferation of mB7-1-expressing cells and nontransduced cells were observed (data not shown). However, there existed the possibility that expression of the mB7-1 receptor could influence the proliferation or function of transduced T cells, leading to a selective advantage for these cells compared to nontransduced cells. Therefore, we performed similar experiments with the PGKmADA retrovirus, which has been used previously to efficiently transduce human clonogenic hematopoietic progenitor cells (43) , primitive human cord blood cells capable of repopulating SCID/NOD mice (36) , and primate long-term repopulating stem cells (3) . The resulting data suggest that the intracellular expression of the mADA protein does not affect the proliferation or function of transduced human or primate cells. As described above, CD3i/CD28i-activated T lymphocytes were transduced with the PGK-mADA retrovirus on FN CH-296-or BSA-coated plates for three consecutive days; 12 days later, cells were analyzed for proviral integration by Southern blot analysis and for protein expression by ADA enzyme assay. Southern blot analysis indicated that transduction of primary T cells was extremely efficient on FN CH-296, since multiple provirus copies were detected in cells after retroviral infection for three consecutive days (Fig. 4A, lane 3) . The actual proviral copy number per cell was larger than that of the standard, containing the equivalent of five provirus copies per cell ( Fig.  4A; compare lanes 3 and 4) . In contrast, a proviral band was barely detectable for infections performed in parallel on BSAcoated plates in the presence of Polybrene (Fig. 4A, lane 2) . Increased proviral integration of T lymphocytes transduced on FN CH-296 versus that of cells transduced on BSA also correlated with an increase in functional mADA activity, as shown by in situ gel analysis of protein extracts (Fig. 4B , normal control; compare BSA and CH-296 lanes).
To assess whether this transduction protocol is suitable for clinical application, peripheral blood from an ADA Ϫ SCID patient was also utilized. As previously reported (59) , in situ gel analysis of ADA activity in primary T lymphocytes from this patient revealed no demonstrable activity (Fig. 4B) . Proliferation assays indicated that the patient's lymphocytes could be activated in a fashion similar to normal-donor lymphocytes on CD3i/CD28i in the presence of FBS-containing medium (data not shown). Activated T lymphocytes from the patient and those from a normal donor were transduced with either the mB7-1 or PGK-mADA retrovirus on BSA-coated plates in the presence of Polybrene or on FN CH-296-coated plates in the absence of Polybrene. Flow cytometric analysis of mB7-1-transduced cultures indicated that the transduction efficiency of ADA-deficient T lymphocytes was not significantly different from that of normal-donor T cells (data not shown). T lymphocytes from a normal donor and those from the ADAdeficient patient were transduced with the PGK-mADA retrovirus in parallel. Analysis of mADA activity in the ADAdeficient patient's T lymphocytes 12 days after transduction demonstrated that the activity of the mADA transgene transduced on FN CH-296 was similar to the activity of the endog- a Human T lymphocytes were activated with CD3i/CD28i MAbs for 2 days and then transduced with the mB7-1 retrovirus on days 2 to 4 postactivation on BSA or CH-296. T lymphocytes were analyzed for mB7-1 expression at day 13 posttransduction.
e The fold increase in MFI was calculated by dividing the MFI for T cells transduced on CH-296 by the MFI for T cells transduced on BSA.
enous hADA protein observed in normal human T lymphocytes ( Fig. 4B ; compare ADA Ϫ SCID to hADA in the normal control [all lanes]). In addition, as seen previously with the mB7-1 retrovirus, infection on FN CH-296 consistently led to much higher gene transfer efficiencies than those achieved by the standard approach of supernatant plus Polybrene (Fig. 4B , ADA Ϫ SCID; compare BSA and CH-296 lanes). Functional analysis of genetically transduced T-lymphocyte populations. To assess the functional capacity of cells following ex vivo manipulation and gene transfer, T lymphocytes were transduced with the PGK-mADA retrovirus on FN CH-296-coated plates by the 3-day transduction protocol after prestimulation on CD3i/CD28i for 2 days. At 7 days posttransduction, the cultures were rested in CM and used as responders in an MLC (Fig. 5A) . T cells transduced with the PGK-mADA retrovirus on FN CH-296 mounted a proliferative response against HLA-disparate PBMCs comparable to the response observed in nontransduced cells (no virus) and in cells incubated on FN CH-296 without retrovirus (CH-296, no virus). Next, the ability of genetically modified T lymphocytes to specifically lyse an OKT3 hybridoma was determined (Fig. 5B) . T lymphocytes transduced on FN CH-296 with either retrovirus, PGK-mADA or mB7-1, were able to effectively lyse OKT3 hybridoma cells. This lysis was CD3 restricted, since the genetically modified cells did not kill K562 cells, a target population used for assessing natural killer cell activity (Fig. 5B) .
A V ␤ RT-PCR analysis performed on T-lymphocyte populations collected on day 0, after CD3i/CD28i activation, and after CD3i/CD28i activation and transduction with mB7-1 on FN CH-296 (collected on day 6 posttransduction) revealed that the V ␤ repertoire of the targeted T-lymphocyte population was unchanged (Fig. 5C) . Similar results were seen for V ␤ repertoire analyses performed on transduced T lymphocytes 13 days posttransduction (data not shown). Collectively, these functional studies indicated that, at least on a polyclonal level, populations of T lymphocytes activated on CD3i/CD28i and transduced on FN CH-296 with retroviruses have no apparent loss of function. The functional capacity of transduced T lymphocytes derived from the ADA-deficient patient also appeared to be normal, since these cells proliferated similarly to control lymphocytes, maintained their V ␤ repertoire, and were capable of CD3-mediated cell lysis of the OKT3 hybridoma (data not shown).
Activation status of transduced primary T lymphocytes significantly affects expression of the transgene. In preliminary studies, we noted that cultures of transduced lymphocytes maintained in IL-2 after transduction appeared to express less transgene than cells maintained on CD3i/CD28i. To examine this apparent difference in detail, T lymphocytes were transduced on FN CH-296 for 3 days and maintained in IL-2. On day 11 posttransduction, only low levels of mB7-1 were expressed. The culture was subsequently divided and maintained in parallel cultures containing either IL-2 alone or CD3i/ CD28i for an additional 2 days. After either a single infection on day 2 or after multiple infections on days 2 to 4 (Fig. 6A , Table 4 , and data not shown), the level of expression of mB7-1, on a percentage level, was 4-to 11-fold higher in transduced lymphocytes reactivated with CD3i/CD28i than in those maintained in IL-2. The MFI of the CD3i/CD28i-reactivated lymphocytes transduced with the mB7-1 retrovirus increased 30-to 122-fold compared to that of transduced lymphocytes maintained in IL-2 (Table 4) . Subsequent reactivation of IL-2-maintained cultures with CD3i/CD28i for 2 days led to high levels of mB7-1 expression, demonstrating that these differences were not due to preferential loss of transduced cells in IL-2 cultures (data not shown). Confirmation of the existence of similar numbers of transduced cells in each culture was obtained by Southern blot analysis of transduced T lymphocytes maintained in IL-2 or reactivated with CD3i/CD28i; proviral copy numbers were virtually identical (data not shown). This observation did not appear to be specific for the mB7-1 retrovirus, for PGK-mADA retrovirus-transduced lymphocytes from a normal donor and those from an ADA Ϫ SCID patient showed much higher mADA protein activities when reactivated with CD3i/CD28i than those maintained in IL-2, for both groups (BSA and CH-296) (Fig. 6B ). These observations suggested that transgene expression in T lymphocytes may be regulated by the activation status of the T lymphocyte.
DISCUSSION
The efficacy of gene modification of autologous cells as a therapeutic alternative for the treatment of genetic diseases has been limited by the low efficiency of gene transfer into relevant target cell populations (8) . In hematopoietic stem cell transductions, the cell cycle status of the target cells and the level of the amphotropic receptor may be limiting (41, 47) . Concerns that ex vivo manipulation of reconstituting stem and progenitor cells with cytokines, a procedure that has been shown to increase gene transfer via retrovirus vectors, may decrease the ability of these cells to engraft have also been raised. In this regard, when highly transduced populations of CD34 ϩ cells were transplanted into SCID/NOD mice, only 1.4% of the transduced human cells were found in the bone marrow of these mice after repopulation (36) . In addition, the constitutive expression of a transgene in hematopoietic stem and progenitor cells could be detrimental to the function of these target cell populations. For example, Kaina et al. recently demonstrated that the overexpression of the DNA repair enzyme methylpurine-DNA glycosylase in human cells led to an imbalance in the base excision repair pathway, chromosomal aberrations, and sister chromatid exchange in hematopoietic cells (32) .
In some situations, T lymphocytes may be useful as an alternative to hematopoietic stem and progenitor cells for genetic modification (26) . Preclinical studies performed with mice (13, 18, 19) and nonhuman primates (10, 14, 60) demonstrated that transduced T lymphocytes were long-lived and functioned normally. In initial human gene therapy trials for ADA Ϫ SCID patients, transduced peripheral blood T lymphocytes (2, 5) and bone marrow-derived T lymphocytes (5) were detectable by PCR analysis for at least a year after discontinuation of gene therapy treatment.
We recently demonstrated that the colocalization of retrovirus and target cells on recombinant FN fragments improved the efficiency of gene transfer into both human and murine hematopoietic stem cells and progenitors (22, 23, 45) . Since T lymphocytes express both VLA-4 and VLA-5 and the transduction efficiency of primary T lymphocytes derived from normal donors or ADA Ϫ SCID patients had been low when conventional methods were used (2, 5, 6, 10, 13, 14, 18, 19, 40, 46, 60) , T lymphocytes were a logical target cell population for investigation of the contribution of FN in the context of gene delivery. Several parameters influenced the gene transfer levels obtained by transduction on recombinant FN fragments. First, a comparison of prestimulation conditions indicated that activation of lymphocytes with CD3i/CD28i MAbs resulted in more efficient gene transfer than did activation in parallel with CM, IL-2, PHA, CD3s MAb, or CD3i MAb (Table 1 and data not shown). Effective cross-linking of CD3 and CD28 molecules on T cells has been reported to dramatically enhance the adhesion of T cells to FN via VLA-4 and VLA-5 (56) . The increased adhesion of T cells to FN presumably results in an increase in the proximity of T lymphocytes and retroviruses, effectively increasing the titer of the virus, even in the absence of polycations such as Polybrene. Since the vast majority of T lymphocytes enter the cell cycle when maintained on CD3i/ CD28i (53), this could also facilitate integration of proviral DNA.
The timing of exposure to retrovirus particles was also critical. The highest levels of gene transfer were observed when T lymphocytes were exposed to virus for three infection cycles on consecutive days in culture ( Fig. 2; Tables 2 and 3) . From the data of experiments that are not described here, it was clear that after each infection cycle, incubation of the lymphocytes overnight without exposure to virus was instrumental in obtaining optimal gene transfer. For instance, if lymphocytes were exposed to retrovirus three times in a 24-h period, the level of gene transfer was significantly lower than for cells exposed to retrovirus three times on consecutive days (48a). We are currently investigating the kinetics of amphotropic receptor expression and downmodulation of the receptor on CD3i/CD28i-activated T lymphocytes in an effort to clarify the mechanism behind these results.
As expected, the titer of the retroviral supernatant correlated to some degree with the gene transfer efficiency obtained with CD3i/CD28i-activated T lymphocytes. When using mB7-1 supernatant collected at 37°C, 37 to 42% of the T lymphocytes continued to express mB7-1 ( Fig. 2B and Table 2 ). When the mB7-1 titer was increased by collecting supernatant at 32°C, higher levels of gene transfer (approaching 90%) were observed at day 13 posttransduction when T lymphocytes were transduced on FN CH-296 (Fig. 2C, Table 3 , and Fig. 6A ). Therefore, it is possible to achieve high transduction efficiencies in nonselected T-lymphocyte populations in which the vast majority of primary human T lymphocytes express the introduced transgene in long-term culture, indicative of integrated provirus. Most significantly, transduction of T lymphocytes from normal donors or an ADA Ϫ SCID donor on FN CH-296 with the PGK-mADA retrovirus conferred high levels of gene transfer 12 days posttransduction in nonselected T-cell populations (Fig. 4) . In contrast, transductions performed with these T-cell populations by the standard approach (cell-free supernatant in the presence of Polybrene) yielded relatively low levels of mADA activity. Collectively, these data show that high levels of gene transfer into ADA-deficient T lymphocytes are possible with the transduction protocol described here.
In addition, our studies indicated that at least in primary human T lymphocytes, the expression level of the introduced transgene may be modified by the activation status of the lymphocyte population. This observation did not appear to be dependent on the transgene, the retroviral backbone, or the promoter element utilized, since expression of two different transgenes under the control of different promoters showed a similar effect depending on whether the T-lymphocyte population was maintained on IL-2 or reactivated for a short time on CD3i/CD28i. In these experiments, there was a significant increase in transgene expression in transduced T lymphocytes reactivated on CD3i/CD28i compared to those maintained on IL-2. Even at 31 days posttransduction, mB7-1-transduced T lymphocytes reactivated with CD3i/CD28i showed three-to fivefold-higher levels of mB7-1 expression than those maintained on IL-2 (48a). These observations raise the possibility that relying on high levels of protein expression (as detected by flow cytometry) as an indicator of gene transfer may not necessarily be an accurate assessment of transduction efficiency if the majority of the target cell population is not appropriately activated.
Transgene expression can be regulated in both a positive and a negative fashion. For example, transgene expression driven by commonly used promoters and enhancers (e.g., CMV, Rous sarcoma virus, simian virus 40, or Moloney murine leukemia virus long terminal repeat) was downregulated by proinflammatory cytokines such as gamma interferon and tumor necrosis factor alpha (21, 24, 49) , while reporter gene expression increased when driven by the major histocompatibility complex class I promoter (24) . In a murine heterotopic, nonvascularized cardiac transplant model, reporter gene expression from an adenovirus vector containing the human CMV immediate-early 1 promoter increased in the presence of a neutralizing antigamma-interferon MAb (49) . Recently, Bunnell et al. reported that transgene expression was not detectable in nonstimulated CD4 ϩ cell-transduced rhesus lymphocytes reisolated from rhesus macaques. Transgene expression in retrovirally marked cells could be detected by RT-PCR only when lymphocytes were cultured in IL-2 (10) . Recently, in another study, rhesus macaques were infused with autologous lymphocytes transduced with a vector expressing an antisense tat or rev gene and subsequently infected with the simian immunodeficiency virus. Lymphocytes taken from these infected monkeys expressed the transgene without any in vitro culturing, consistent with the idea that activation of the immune system may increase transgene expression in vivo (15) . Regulation of transgene expression may be instrumental in determining the efficacy of gene therapy in a variety of settings. In studies investigating the feasibility of a dominant-negative mutant of the HIV rev transactivator protein (RevM10), it was clear that only highly activated, transduced T-cell populations showed resistance to HIV replication (48) . Our results extend these observations by demonstrating that the activation status of the transduced lymphocyte dramatically influences transgene expression. In preliminary experiments, Northern analysis of transduced cells has indicated that there are increased levels of mB7-1 transgene RNA in T lymphocytes reactivated with CD28i/CD3i compared to those maintained in IL-2 (48a). Experiments to determine whether transgene regulation is occurring at the transcriptional level or at the level of RNA stability are in progress. Further studies will be necessary to clarify the relationship between the activation status defined in vitro and expression of transgene in lymphocytes in vivo. The ability to regulate transgene expression may have important implications for gene therapy protocols.
Improvements in producer lines (9, 55) have been reported to increase the gene transfer efficiency. For example, supernatants containing retroviruses pseudotyped with the vesicular stomatitis virus glycoprotein could be concentrated to titers approaching 10 9 retroviral particles. However, the levels of gene transfer documented in primary T lymphocytes when using high-titer vesicular stomatitis virus glycoproteinpseudotyped retroviruses did not reach the transfer levels obtained in our present study using amphotropic retroviruses and FN CH-296. In a report of Bunnell et al. (9) , the use of the alternative packaging line PG13, derived from the gibbon ape leukemia virus envelope, led to increased gene transfer rates in human and primate T lymphocytes. In that study, a PG13-derived retroviral supernatant, metabolic induction of the gibbon ape leukemia virus receptor, low-temperature incubation, and centrifugation were all used to increase the gene transfer efficiency. They reported Ͼ50% lymphocyte transduction with PG13-packaged vectors and Ͼ25% transduction efficiency with amphotropic-packaged retroviral vectors at 72 h posttransduction. After two cycles of transduction utilizing ADA-deficient T lymphocytes, 42% of the target cells were transduced with a PG13-derived retrovirus while only 3% of the target cells were transduced with the amphotropic pseudotyped retrovirus. These studies suggested that PG13 packaging cells may be a useful alternative to amphotropic packaging lines. Since in our current gene transfer protocol T lymphocytes must be transduced on two to three consecutive days for high-efficiency gene transfer with amphotropic retroviruses, the development of protocols utilizing a single infection cycle would be beneficial in the clinical setting. Currently, we are comparing the ability of retroviruses derived from PG13 packaging cells to transduce T lymphocytes on FN CH-296-coated plates with that of retroviruses derived from amphotropic packaging cells.
Utilizing this gene transfer protocol, we have obtained the highest levels of retroviral gene transfer reported to date in primary human T lymphocytes. With the development of protocols to achieve maximal gene transfer into human T lymphocytes, acquiring transduced T-lymphocyte populations comprising a full immune repertoire may be possible. Our transduction protocol provides a simple and reliable way of delivering genes at high efficiency to human T cells by using retroviral supernatants derived from amphotropic producer lines. The gene transfer strategy reported here should be useful in gene therapy trials for ADA Ϫ SCID patients, since we also demonstrated that ADA-deficient T lymphocytes were transduced efficiently on FN CH-296-coated plates. Furthermore, if a Human T lymphocytes were activated with CD3i/CD28i MAbs for 1 or 2 days and transduced with the mB7-1 retrovirus on days 2 to 4 postactivation on CH-296. At 10 days posttransduction, T lymphocytes were reactivated for 2 days on CD3i/CD28i or maintained in 100-U/ml IL-2 and then analyzed for mB7-1 expression.
c Data are represented as the MFI of the transduced population stained with mB7-1 MAb minus the MFI of the transduced population stained with the isotype control MAb.
d The fold increase in mB7-1 transgene expression on CD3i/CD28i-reactivated T cells versus those maintained in IL-2 was calculated by dividing expression on CD3i/CD28i-activated T cells by expression on IL-2-activated T cells.
e The fold increase in MFI was calculated by dividing the MFI for CD28i/ CD3i-activated T cells by the MFI for IL-2-activated T cells.
100% transduction of the target population is necessary (4), the selection of transduced cells by a retrovirally encoded cell surface marker, such as the truncated nerve growth factor receptor, could be facilitated by initially transducing on recombinant FN fragments. Larger numbers of transduced cells could thereby be obtained by a combination of transduction on FN CH-296 followed by selection of surface-marked cells. However, in some situations, a simplified vector expressing only the therapeutic gene may be optimal. Studies have shown that long-term gene expression can be turned off in constructs expressing more than one gene (62) . The efficient delivery of genes to human primary T cells designed to modulate the immune response may lead to novel treatments for a variety of acquired and inherited immunodeficiency diseases (26, 35, 51) , lysosomal disorders (61), and cancers (52) .
